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Activation of Protein Kinases in Chronically Hypoxic Infant 
Human and Rabbit Hearts 
Role in Cardioprotection 
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Background— Mmy infants who undergo heart surgery have a congenital cyanotic defect in which the heart is chronically 
perfused with hypoxic blood. However, the signaHng pathways by which infant hearts adapt to chronic hypoxia and 
resist subsequent surgical ischemia is unknown. 

Method and Results — ^We determined the activation and translocation of protein kinase C (PKC) isoforms and mitogen 
acdvated protein kinases (MAP kinases) in 1 5 infants with cyanotic (Sa02<85%) or acyanotic (Sao2>95%) heart defects 
undergoing surgical repair and in 80 rabbits raised ftom birth in a hypoxic (Sa02<85%) or normoxic (Sao2>95%) 
environment. Tissues from infant human and rabbit hearts were processed for Western and in vitro kinase analysis. In 
human infants with cyanotic heart defects, PKCe, p38 MAP kinase, and JUN kinase but not p42/44 MAP kinase were 
activated and translocated from tiie cytosolic to the particulate fraction compared with acyanotic heart defects. In rabbit 
infants there was a parallel response for PKCe, p38 MAP kinase, and JUN kinase similar to humans. In infant rabbit 
hearts inhibition of PKCe with chelerythrine, p38 MAP kinase, with SB203580 and JUN kinase with curcumin 
abolished die cardioprotective effects of chronic hypoxia but had no effects on normoxic hearts. 

Conclusions — Infant human and rabbit hearts adapt to chronic hypoxia through activation of PKCe, p38 MAP kinase, and 
JUN kinase signal transduction pathways. These pathways may be responsible for cardioprotection in the chronically 
hypoxic infant rabbit heart. {Circulation. 2002; 106:239-245.) 
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Many infants who undergo cardiac surgery have a con- 
genital cyanotic defect in which the heart is chronically 
perfused with hypoxic blood. However, the signaling path- 
ways by which infant hearts adapt to chronic hypoxia and 
resist subsequent surgical ischemia is unknown. 

By elucidating the impact that prolonged periods of hyp- 
oxia exerted on resistance to subsequent ischemia, we should 
be able to improve cardioprotection in infants with congenital 
heart defects. 

Protein kinase C (PKC) family members are important 
mediators of hypoxia. In cardiomyocytes, PKCa and PKCe 
translocate from soluble to particulate fractions of the cell in 
response to the stress of chronic hypoxia." The mitogen-ac- 
tivated protein kinases (MAP kinases) are ubiquitous proteins 
activated by diverse stimuli and appear to mediate cellular 
responses including proliferation, differentiation, and adapta- 
tion to stress.^ Three major MAP kinase families have been 
characterized, including the extracellular signal-regulated 
kinases (ERK or p42/44 MAPK), the c-Jun NHj-tenninal 



kinases (JUN kinase), and the p38 MAP kinases (p38 
MAPKs).^ ERKs are mainly involved in mediating anabolic 
processes such as cell division, growth, and differentiation; 
the JUN kinases and the p38 MAPK are generally associated 
with cellular response to diverse stresses. The clinical rele- 
vance of protein kinases in adult humans was recently 
demonstrated by an increased activity of JUN kinase and p38 
MAPK in heart failure secondary to ischemic heart disease^ 
and during cardiopulmonary bypass,"* However, the role of 
PKC and MAPKs in the mechanisms by which infant hearts 
adapt to chronic hypoxia and resist subsequent surgical 
ischemia are unknown. 

To examine the role of these signaling pathways in 
adaptation to chronic hypoxia we identified and characterized 
PKC and MAPKs in hearts from human infants with cyanotic 
(Sao2<85%) or acyanotic (Sa02>95%) heart defects and in 
hearts from infant rabbits raised from birth in a hypoxic 
(Sa02<85%) or normoxic (Sa02>95%) environment. We 
then determined the contribution of PKC and MAPKs to 



Received March 21, 2002; revision received April 26, 2002; accepted May 1. 2002. 

From the Divisions of Pediatric Surgery (P.R„ Y.S., X.K., K.A.P.. J.S.. J.E.B.) and Canliothoracic Surgery (J.S.T., S.B.L., R.D.J.), Medical College 
of Wisconsin, Milwaukee; and the Section of Cardiothoracic Surgery (J.S.T., S.B.L., K.M., R.D.J.), Children's Hospital of Wisconsin, Milwaukee. 

Conespondence to Joiin E. Baker, PhD, Division of Pediatric Surgeiy, Medical College of Wisconsin, 8701 Watertown Plank Road, Milwaukee, WI 
53226. E-tnail jbaker@mcw.Bdu 

© 2002 American Heart Assodatiwi, Inc. 

Cuvulaliou is available at littp!//www4irculatiaiiiaha.org DOI: 10.1161/01.CIR.00000220t8.«89«S.6D 



239 



240 Circulation July 9, 2002 



Cyanotic (n=7) Acyanotic (n=i 



4.8±0.9 

1 Wkt09lR0 
3.9±0.4 



5.8±1.2 
1 to 10 mo 
5.2±0.5* 



Pathology 
CAVC 



AS 

DORV 
PAVC 

HLHS 
Hemoglobin, g/dL 
Blood O2 1 



1, % 



15.6 = 0,6 
73±5 



)8±1' 



CAVC indicates complete atrioventricular canal; VSD, ventricular septal 
defect; TOF, tetralogy of Fallot; AVSD, atrioventricular septal defect; AS, aortic 
stenosis; DORV, double-outlet rigtit ventricle witti transposition of ttte great 
arteries; ASD, atria! septal defei* PAVC, partial atrioventricular canal; and 
HIilS, hypoplastic left heart syndrome. 

*P<0.05, cyanotic vs acyanotic 

cardioprotection in chronically hypoxic and normoxic infant 
rabbit hearts. Our studies reveal that many of the protein 
kinase signaling mechanisms activated by chronic hypoxia in 
infant rabbits are identical to those activated by cyanotic heart 
defects in human infants. Once activated, we show that 
protein kinases confer cardioprotection in the chronically 
hypoxic infant rabbit heart. 



Methods 



The use of human tissue in this study was approved by the Human 
Research and Review Committee at Children's Hospital of Wiscon- 
sin and the Medical College of Wisconsin. Fifteen infants undergo- 
ing elective open heart surgery for congenital heart defects were 
prospectively recruited for this study. To determine whedjer protein 
kinases are activated by chronic hypoxia, the patients were divided 
into cyanotic and acyanotic groups according to blood oxygen 
saturation (acyanotic, Sa02>95%; cyanotic, SaOz<85%). All cya- 
notic patients were stable, with Sa02<85% for 24 hours before 
surgery. Tliere were no emergency op«ations performed on acutely 
hypoxic patients. Right atrial tissue {-=200 mg) from infants wldi 
congenital acyanotic and cyanotic heart defects was harvested at the 
tinje of surgical repair. The tissue was immediately frozen in liquid 
nitrogen and processed for Western analysis as described previous- 
ly.' Preoperative characterisdcs are summarized in the Table. 

Rabbits 

Animais used in this study received humane care in compliance with 
the "Guide fpr die Care and Use of Labor^ory Animals" formulated 
by the National Research Council, 1996. Infant rabbits were main- 
tained for 10 days in a hypoxic (Sa02<85%]i or 1 
(SaOj>95%) environment as described previously.* 



Isolated Heart Perfusion 

Isolated rabbit hearts (n=8/group) perfused in a retrograde a 
and instrumented as previously described.* 



Effect of PKC and MAPK Inhibitors 

Hearts from normoxic or chronically hypoxic rabbits were perfused 
in the Langendorff mode. Biventricular function and coronary flow 
were recorded under steady-slate conditions, « Hearts were then 
perfused for 15 minutes widi vehicle, chelerythrine (1 f«nol/L), 
SB2035S0 (15 nmoVL), curcumin (10 jxmol/L). or PD98059 (10 
/imol/L) before 30 minutes of global normothermic (39°C) ischemia 
and 40 minutes of reperfusion. Recovery of developed pressure was 
expressed as a percentage of its predmg, preischemic value. Results 
are expressed as mean±SD. 

To determine the effect of chelerythrine and SB203580 on protein 
kinases in chronically hypoxic and normoxic hearts, isolated hearts 
(n=4 to 7 per group) were aerobically perfused with these drugs for 
15 minutes. The free wall of the left ventricle was then processed to 
obtain cytosolic and particulate fractions^ for Western analysis, as 
described previously.' 

SDS-PAGE and Western Blot Analysis 

Equal concentrations of protein were analyzed by SDS-PAGE and 
Western blotting by using either isoform-specific antibodies for 
phospho-PKC detection or specific antibodies against phosphorylat- 
ed and nonphosphorylated p38 MAPK. JNK, and p42/44 MAPK 
(Cell Signahng Technology). The blots were developed by ECL. 
Densitometry was performed on each sample and analyzed with the 
use of NIH image software. Phosphorylaled Hsp27 and I'KCe were 
detected with the use of specific antibodies from Upstate Biotech- 
nology Inc. Total PKC activity was measured by a PKC kit from 
Amershara, according to the manufacturer's 



Immunoprecipitation and In Vitro Kinase Assays 

To determine MAPK activity, nonradioactive kinase assay kits were 
used (Cell Signaling). p38 MAPK activation in normoxic and 
hypoxic infant human hearts was determined by measurement of its 
catalytic activity with the use of the in-gel kinase assay using 
GST-MAPKAPK-2, rHsp27, and GST-ATF-2 as substrate according 
to the manufacturer's instructions. 

Phosphorylation of Threonine 71 on ATF-2 

Aliquots of nuclear and cytosolic fractions were subjected to 
Western analysis with die use of specific phospho- ATF-2 (ThrTl) 
antibody or control anti-ATF-2 as described previously.^ The purity 
of the fractions was confirmed with antibody markers specific for the 
cytosolic and nuclear compartments /3-actin and histone 
deactylase-1, respectively, with separation confirmed by Western 
analysis.' 

Statistical Analysis 

Statistical analysis was performed by use of repeated measures 
ANOVA with die Greenhouse-Geisser adjustment used to correct for 
the inflated risk of a type 1 error." If significant, the Mann-Whitney 
test was used as a second step to identify which groups were 
significantly different. After ANOVA die data were analyzed for 
differences related to multiple comparisons.^ Significance was set at 
P<O.OS. 



Adaptation to Chronic Hypoxia 
PKC and MAPK in Human Heart 
To determine the involvement of PKC and MAPKs in 
normoxic and hypoxic hearts, cytosolic and particulate frac- 
tions were examined by SDS-PAGE and Western analysis 
with the use of specific monoclonal and polyclonal antibod- 
ies. Our results indicate that in normoxic hearts, multiple 
PKC isoforms (a, /3, y, e, S, and 0 are present in the cytosolic 
fractions. However, adaptation to chronic hypoxia results 
only in the translocation of PKCe from cytosolic fraction to 
the particulate fraction (Figure 1). 
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Cyto Part Cyto 



Cyto Part Cyto Pwt 

Figure 1. Chrorac hypoxia in infswrt human heart results in phos- 
[rfiorylation and translocation of PKCe. p38 MAP kinase, and 
JUN kinase from cytosolic to particulate fraction. Cytosolic and 
particulate fractions were anatyzed by Western blotting using 
phospho-specific antibociies against A, PKCe; B, p38 MAPK; 
and C, JNK. Nonphosphorjriated antibodies were used to con- 
firm equal toading of proteins for p38 MAPK and JNK. Cyto 
indicates cytosolic; Part, particulate. 



Next, we sought to determine if the MAPK pathways piay a 
note in adaptation to chronic hypoxia. We have shown that in 
normoxic hearts, phospho-p38 MAPK is present in both cyto- 
solic and particulate fractions, but chnmic hypoxia results in an 
increase of phospho-p38 MAPK in the particulate fraction 
(Figure IX We also found that chronic hypoxia activates JUN 
kinase in human heart Chronic hypoxia did not result in 
activation of phospho-p42/44 MAPK in human hearts. We 
confirmed that equal amounts of p38 and JNK proteins were 
analyzed by stripping and rcpiobing the same blots with control 
anti-p38 and anti-JNK antibodies (Figure 1). 

We examined whether activation and translocation of PKCe, 
p38 MAPK, and JUN kinase was related to the variability in 
clinical presentation of the two groups of patients studied 
(Table). In all hearts adapted to chronic hypoxia, there was 
activation and translocation of protein kinases. In contrast, 
activation and translocation did not occur in any of the nonnoxic 
hearts. Thus, in all cases, the changes we observed in protein 
kinase activation and translocation were solely dependent on 
oxygen deprivation and not to the undeilying clinical presenta- 
tion responsible for the congenital defect. 

p38 MAPK plays a protective role during adaptation to 
ischemic preconditioning by phosphorylating MAPKAPK-2, 
which in turn phosphorylates Hsp27."' Activation of this 
pathway is cardioprotective and overexpression of Hsp27 
confers protection against ischemia in myocytes." To deter- 
mine if this pathway is present in human infants and activated 
by adaptation to chronic hypoxia, we probed normoxic and 
hypoxic hearts for changes in MAPKAPK-2 and Hsp27. 
Chronic hypoxia induced activation and translocation of both 
MAPKAPK-2 and Hsp27 from the cytosolic to the particulate 
fraction. Neither MAPKAPK-2 nor Hsp27 was activated in 
nonnoxic hearts (Figure 2). 

p38 MAPK also ti-ansduces signals from the cytoplasm to 
the nucleus in response to cellular stress. ATF2 is a Cranscrip- 




Figure 2. Chronic hypoxia in infait human heart activates 
MAPKAPK-2 and phosphorylates Hsp27 and ATF-2 (Thr 71). A, 
In vitro kinase assay shows phosphorylation of substrate Hsp27 
by MAPKAPK-2 in particulate fraction. B, Chronic hypoxia- 
induced Hsp27 phosphorylation in particulate fraction. C, 
Chronic hypoxia results in ATF-2 (Thr 71) phosphorylation in 
nuclear fraction, Cyto indicates cytosolic; Part, particulate; and 
NucI, nuclear. 



tion factor phosphoryiated by p38 MAPK.s To determine if 
this holds in hearts adapted to chronic hypoxia, phosphory- 
lation of GST-ATF2 by p38 MAPK was determined in hearts 
from nonnoxic and chronically hypoxic infants. Our results 
demonstrate that phospho-p38 MAPK immunoprecipitates 
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from chronically hypoxic hearts result in phosphorylation of 
GST-ATF-2 in the particulate fraction (Rgure 2). 

ATF-2 Phosphorylation in Nuclear Fraction of 
Hypoxic Hearts 

Transcriptional activity of ATF-2 can be stimulated by JNK 
and p38 MAPK. ATF-2 binds to both AP I and cAMP 
response element. Therefore, we examined whether chronic 
hypoxia phosphorylates and activates ATF-2. Our results 
show that adaptation to chronic hypoxia phosphorylates 
Thr71 of ATF-2 in the nuclear fraction (Figure 2), suggesting 
activation of this transcription factor. We confirmed that 
equal amounts of ATF-2 protein were analyzed by stripping 
and reprobing the same blots with control anti-ATF-2 
antibody. 

PKC and MAPK in Rabbit Heart 

We found an identical pattern of activation for PKCe, and 
MAPKs in isolated perfused hearts from rabbits adapted to 
chronic hypoxia. Chronic hypoxia also induced activation of 
both MAPKAPK-2 and Hsp27 in the particulate fraction. 
This pattern of activation was also present in freshly excised 
hearts not subjected to perfusion before analysis. To deter- 
mine the relative upstream/downstream positions of PKCe, 
p38 MAPK, and JUN kinase in the signal transduction 
pathway activated by chronic hypoxia, hearts were perfiised 
widt specific inhibitors of PKC and p38 MAPK, followed by 
Western blot analysis of the heart lysates. Perfusion of 
isolated rabbit hearts with chelerythrine, an inhibitor of PKC, 
reversed the translocation of PKCe, p38 MAPK, and JUN 
kinase in chronically hypoxic rabbits but had no effect in 
normoxic rabbits (Figure 3). Perfusion of hearts with 
SB203580, an inhibitor of p38 MAPK, also reverses the 
translocation of p38 MAPK but not PKCe or JUN kinase in 
chronically hypoxic hearts. SB203580 had no effect in 
normoxic rabbit hearts (Figure 4). These data suggest PKCe 
is an upstream kinase for activation of p38 MAPK and JUN 
kinase in chronically hypoxic rabbit hearts. SB2038O also 
prevented activation of ATF-2 by p38 MAPK in chronically 
hypoxic hearts. Our data shows that many of the protein 
kinase signaling mechanisms activated by chronic hypoxia in 
infant rabbit hearts are identical to those activated by cyanotic 
heart defiscts in infant human hearts. 

We determined whether protein kinase activation in chroni- 
cally hypoxic rabbit hearts is altered by subsequent perfiisioii 
with bicarbonate buffer. Excised hearts not subjected to subse- 
quent perfljsion and exdsed hearts subjected to 45 minutes of 
aerobic perfusion were fteeze-clamped. Western analysis of 
PKCe and p38 MAPK revealed no diffraences in the extent of 
activation between the two groups. These data indicate the initial 
period of perfusion exerted no el!ect on protein kinase activa- 
tion. To detomine the ^ijity of cuicumin to specifically inhibit 
JNK rather tfiian p38 MAPK normoxic hearts wete perfiised with 
anisomycin (20 jxmol/L). Curcumin (10 fimol/L) completely 
blocked anisomycin-induced phosphorylation of JNK and min- 
imally blocked phosphorylation of p38 MAPK. These data 
indicate cuicumin selectively inhibits JNK with minimal effects 
on p38 MAPK (Figure 5). 




rt of chelerythrine, a PKC inhibftor, on PKCe and p38 
MAPK In chronically hypoxic rabbit heart. Cytosolic and particulate 
fnacfions were analyzed by Western blotting with specific antibod- 
ies against A, phospho-PKCe, and B, phospho-p38 MAPK. Chel- 
erythrine significantly inhibited translocation of both PKCe and p38 
MAPK from cytosolic to particulate fraction in hypoxic rabbit heart. 
Cyto indicates cytosolic; Part, particulate. 

Parallel Response to Right Atria and Left 
Ventricle to Chronic Hypoxia 

Human atrial but not ventricular tissues were readily obtainable 
for smdy. In contrast, rabbit venfricular and atrial tissue were 
both readily obtainable. However, we did not know if the 
adaptive response of left ventoicle to chronic hypoxia parallels 
that of right atria. The degree of chronic hypoxia in the atria may 
not reflect that of the ventricle. We determined the impact of 
chronic hypoxia on PKCe and p38 MAPK activation and 
translocation in left ventricle and right atria from chronically 
hypoxic rabbits. Chronic hypoxia resulted in activation and 
translocation of PKCe and p38 MAPK in both left ventricle and 
right atria (Figure 6). These data demonstrate right atrial tissue 
responded to the same extent as left ventricle to chronic hypoxia. 
Thus, right atria are suitable to study chronic hypoxia-induced 
changes in protein kinase activation. 

Resistance to Ischemia 

Cardiac function and the effects of protein kinase inhibitors 
on aerobic function before ischemia were determined in 
infant normoxic and chronically hypoxic rabbit hearts. Cor- 
onary flow rate vras 18% higher in hypoxic hearts than 
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Control SBMJSSO 
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Control SB2D3S0 

Figure 4. Effect of SB203580, a p38 MARK inhibitor, on p38 
MARK, PKCs, and ATF-2 in chronically hypoxic rabbit heart. Cyto- 
sdic, particulate, and nuclear fractions were probed with specific 
antibodies against A, phospho-p38 MARK; B, phospho-RKCe; and 
C, phosphorytated and nonphosphorylated A7F-2. SB203580 
inhibits translocation of p38 MARK ftom cytosolic to particulate 
fraction in hypoxic rabbit heart but did not inhibit translocation of 
RKCe, SB203580 inhibits phosphorylated but not nonphoshoiy- 
iated ATF-2 in the nuclear fraction of hypoxic rabbit heart. Cyto 
indicates cytosotic; Part, particulate; and NucI, nuclear. 

aormoxic controls as an adaptive response to increased 
oxygen delivery to the myocardium. RiglU ventricular devel- 
oped pressure was higher in duonically hypoxic hearts than 
in normoxic hearts as a consequence of right v^tricular 




Control Anisomydn Curcumin/ 
Anisomycln 



B 




Control Anisomycrn Curcumin/ 
Anisomycln 

Figure 5. Effect of curcumin on JUN kinase and p38 MARK in 
normoxic rabbit heart. Isolated hearts were perfused with aniso- 
mycin atone (20 p.mol/L) for 15 minutes and then with anisomy- 
cin (20 /xmol/L) plus curcumin (10 /xmol/L) for 15 minutes. Cell 
lysates were probed with specific antibodies against A, JNK, 
and B, p38 MARK. Anisomycin activated JNK and p38 MARK. 
Curcumin completely blocked pho^ho-JNK activation and min- 
imally blocked phospho-p38 MARK activation. P indicates phos- 
phorylated antllx)dy. 

hypertrophy. Chelerythrine{l ju,mol/L), SB203580(15 ^mol/ 
L), curcumin { 10 /*mol/L), and PD98059 (10 fimoI/L) did not 
exert any affect on heart rate, coronary flow, or developed 
pressure in left or right ventricle in normoxic or chronically 
hypoxic hearts before ischemia. To determine the effect of 
chronic hypoxia on resistance to myocardial ischemia, recov- 
ery of postischemic fiinction, was examined in infant nor- 
moxic and hypoxic hearts not subjected to drug intervention. 
Recovery of developed pressure in the left ventricle after 
ischemia was greater in chronically hypoxic hearts compared 
with normoxic controls (Figure 7). To determine the effect of 
inhibition of PKC, p38 MAPK, JUN kinase, and p42/44 
MAPK on resistance to myocardial ischemia, recovery of 
postischemic function was measured in normoxic and hy- 
poxic hearts perfused with chelerythrine, SB203580, cur- 
cumin, and PD98059 before ischemia. Neither chelerythrine, 
SB203580, curcumin, nor PD98059 affected resistance to 
ischemia in normoxic hearts. In contrast, chelerythrine, 
SB203580, and curcumin completely abolished the cardio- 
protective effects of chronic hypoxia. PD98059 did not affect 
recovery of postischemic function in chronically hypoxic 
hearts. Recovery of postischemic function in the right ven- 
tricle for all drugs paralleled the change observed in the left 
ventricle. 

Discussion 

Previously, we showed that chronic hypoxia in infant rabbits 
increases resistance of the heart to global ischemia.* How- 
ever, the mechanisms by which hearts adapt to chionic 
hypoxia and resist sidjsequent ischemia remain unknown. In 
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Rgure 6. Parallel response of right atria and left ventricle to 
chrOTic hypoxia in infant rabbit. Chronic hypoxia resulted in 
activation of phospho-PKCt and phospho-p38 MAPK In both 
left ventricle and right atria. Cyto indicates cytosolic; Part, par- 
ticulate; LV, left ventricle; and RA, right atrium. 

the present study, we have demonstrated that infant human 
and rabbit hearts adapt to chronic hypoxia through PKCe, p38 
MAPK, and JUN kinase activation but not p42/44 MAPK. 
Our data also reveal that many of the protein signaling 
mechanisms activated by chronic hypoxia in infant rabbits are 
identical to those activated in infant humans. Activation of 
PKC€, p38 MAPK. and JUN kinase but not p42/44 MAPK 
mediates cardioprotection in chronically hypoxic in^t 
rabbits. 

Adaptation to Chronic Hypoxia 

Chronically hypoxic human infant and rabbit hearts demon- 
strated activation of PKCe, which was evident by transloca- 
tion of the PKCe isofbrm from tiie cytosolic to the particulate 
fraction. PfCCe but not the a, j3, 6, y, and f isoforms of PKC 
were phoslphorylated and translocated in hearts adapted to 
chronic hypoxia. PKCe is critical for cardiac myocyte pro- 
tection by hypoxic precondititming in a cell culture model. 
Changes in specific PKC isoforms located in the myocardium 
have been reported, particularly in ischemic preconditioning, 
ischemia-reperfusion, heart failure caused by cardiomyopa- 




NORMOXtC HYPOXIC 

Figure 7. Recovery of left ventricular developed pressure in 
infant rabbit heart after 15 minutes of treatment with cheleryth- 
rine (1 fimol/L), SB203580 (15 jxmol/L), curcumin (10 /j,mo>/L), 
and PD98059 (10 ftmol/L) before 30 minutes of global ischemia 
and 35 minutes of reperfusion. Control {□); chelerythrine (P); 
SB203580 m; curcumin (■); and PD98059 (11). LV indicates left 
ventricle. Data are mean±SD (n=8 hearts/group). H-P<0.05, 
normoxic vs hypoxic, *P<0.05, drugs vs control. 

thy, and diabetes.^' "-'^ Our, studies indicate activation of 
PKCe is an important adaptive response to chronic hypoxia. 

Chronic hypoxia results in activation of p38 MAPK and 
JUN kinase but not p42/p44 MAPK in both human and rabbit 
hearts. Phosphorylation and activation of Hsp27 a substrate 
for p38 MAPK was present in chronically hypoxic infant 
hearts but not in normoxic hearts. We demonstrated that 
chronic hypoxia also caused phosphorylation of ATF-2, a 
substrate for p38 MAPK. We believe this is the first evidence 
of activation of protein kinase signaling pathways in infant 
human hearts in response to the stress of chronic hypoxia. In 
chronically hypoxic raWiit hearts, inhibition of PKCe by 
chelerythrine prevents the activation and the translocation of 
PKCe and p38 MAPK but not p42/44 MAPK. Inhibition of 
p38 MAPK by SB203580 did not inhibit PKCe translocation 
in chronically hypoxic hearts. Thus in chronically hypoxic 
rabbit hearts, PKCe appears upstream of the p38 MAPK 
pathway. 

Adaptation to chronic hypoxia appears to stimulate phos- 
phorylation of protein kinases to convert them from an 
inactive to an acdve state. Once activated, protein kinases 
translocate from the cytosolic to the particulate fraction, 
where their presence is associated with increased cardiopro- 
tection. Inhibition of acdvated PKCe, p38 MAPK, and JNK 
reverses this chronic hypoxia-induced translocation of protein 
kinases, resulting in the abolition of cardioprotection. To 
explain this novel observation, we propose adaptation to 
hypoxia maintains protein kinases in a chronically active state 
with activation maintained by a mechanism involving con- 
tinuous shutding of protein kinases between the cytosolic and 
particulate fractions. TTiese events would in turn maintain 
activation of nuclear transcription factors resulting in altered 
expression of target genes that confer cardioprotection. 

Resistance to Myocardial Ischemia 

Perfusion of rabbit hearts before ischemia with inhibitors of PKCe, 

p38 iVIAPK, and JUN kinase atone abolished the catdmproteclive 
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effects of chronic hypoxia but had no effect in nonmoxic hearts. 
Inhibition of p42/44 MAPK by PD98059 before ischemia had no 
effect on cardioprotection in normoxic and chronically hypoxic 
hearts, confirming our findings that p42/44 MAPK does not play a 
role in chronically hypoxic hearts. 

Cardioprotection induced by adaptation to chronic hypoxia 
may involve changes in the actin cytoskeleton. Activation of 
p38 MAPK activates MAPKAP-2, which can in turn phos- 
phorylate Hsp27,'« an important regulator of actin dynamics 
that promotes polymerization of actin filaments, thus increas- 
ing the stability of the cytoskeleton.'"' Activation of p38 
MAPK has been shown to prevent cytochalasin D-induced 
fragmentation of actin filaments, thus preserving cell viabil- 
ity.'^" Furthermore, overexpression of Hsp27 in isolated rat 
ventricular myocytes confers protection against simulated 
ischemia." Because prolonged ischemia is known to cause 
cytoskeleton disruption, activation of the MAPKAPK-2/ 
Hsp27 pathway and preservation of the actin filaments may 
explain some of the cardioprotective effects of adaptation to 
chronic hypoxia. In addition, phosphorylated Hsp27 interacts 
with Daxx, a mediator of Fas-induced apoptosis, preventing 
the interaction of Daxx with both Askl and Fas to block 
Daxx-mediated apoptosis.'^ Cardioprotection by adaptation 
to chronic hypoxia is also associated with activation of 
sarcolcmmal and mitochondrial K^tp channels.™ PKC acti- 
vates the sarcolemmal K^tp channel by phosphorylation of the 
pore forming Kir6.2 subunit^^' Thus, activation of PKC by 
chronic hypoxia may mediate cardioprotection by regulating 
Kaip channel function. 

TTie limitations of our study are (hat we ccwld not identify ttB cell 
type in which PKCe and MAPKs arc activated. In addition, 
resistance to ischemia in hearts torn human infants at the time of 
suigical repair was not measured The proposed role of PKC and 
MAPKs in the signal transduction paltiway by which infeuit heaits 
ada[«: to chronic hypoxia and resist subsequent ischemia has been 
based on experiments with kinase inhibitors. This pharmacological 
approach is dependent on the relative specificity of (he inhibitors. 
For example SB203580 inhibits p38a, j3, and /32 but not 7 and S 
isofbnns of p38 MAPK. SB203580 does not inhibit PKC and JNK. 
Chelerylhrine inhibits all PKC isofomis and can activate MAPK 
pathways. Cuicumin inhibits several kinases upstream of JNK and 
is an antioxidant PE)98059 is a potent and selective inhibitor of 
MEK, an upstpsam kinase of p42/44 MAPK. 

We conclude infant human and rabbit hearts adapt to 
chronic hypoxia through activation of PKCe, p38 MAPK, and 
JUN kinase. It appears that these pathways are responsible for 
cardioprotection in the chronically hypoxic infant rabbit 
heart Protection of the infant heart during surgical repair of 
congenital heart defects remains incomplete.^^ Exploitation 
of one or more of these protein Idnase signaling pathways 
may afford increased cardioprotection to human infants 
undergoing repair of congenital heart defects. 
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